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Abstract 
This work presents the adaptation of a simple model to evaluate the physical performance of Multi-Effect-Distillation (MED) forward 
feed plants and its validation by comparing the results with real data. It is intended to use this model in the future in conjunction with 
simulation tools for Concentrated Solar Thermal Power (CSP) plants. The convergence criterion is based on the maximum difference 
between the heat transfer areas. The major internal thermodynamic losses and losses to the surroundings are assumed constant for all 
effects. The real data was obtained using the experimental MED plant at Plataforma Solar de Almeria (PSA) under steady-state 
operation near design conditions. The results indicate that the model can be used to make a first analysis on these type of systems. 
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1. Introduction 
Water stress is becoming an ever growing concern in many parts of the world, with implications not only in the access 
of general population to this resource but also on several different types of economic activities that depend directly on its 
availability. The established technologies used to produce clean water are very energy demanding making water 
production directly tied to other global issues such as energy security and availability, carbon emissions and sustainability 
[1]. 
 
The thermal desalination processes have been used for more than half a century now, with the Multi-Effect-Distillation 
(MED) and Multi-Stage-Flash (MSF) processes being the most relevant. These together with Reverse Osmosis (RO) 
represent the “work horses” in the clean water production industry worldwide. 
As zones with water scarcity normally present high levels of solar irradiance, clean water production powered by solar 
technologies have the potential to be economically feasible and environmentally sustainable [2]. 
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This paper presents the adaptation of a model to simulate an MED process in steady-state, so that it can be used in the 
future in conjunction with another model to simulate the operation of a Concentrated Solar Thermal Power (CSP) plant. 
The aim is to obtain a tool that allows the user to make a first technical analysis regarding an MED desalination process 
powered by CSP without excessive usage of inputs and allowing short simulation times. In this work it was favored the 
approach where the model is structured in such away that it enables the user to define the conditions in which the MED 
machine will operate (instead of defining its dimensions), to obtain the system’s performance and required size for the 
operation in a particular geographical location. 
 
The model results were verified with data acquired through an experimental campaign using an experimental forward 
feed MED plant, powered by hot water using Compound Parabolic Concentrators (CPC) [3] at Plataforma Solar de 
Almeria (PSA), in Spain, during May 2012. 
 
Nomenclature 
Variables 
A area, m2 
B brine mass flow rate, kg/s  
D distillate mass flow rate, kg/s 
M cooling water mass flow rate, kg/s 
n number of effects , - 
PR performance ratio, - 
Q heat transfer rate, kW 
T temperature, ºC 
Tol  tolerance for the model reaching convergence, - 
U overall heat transfer rate, kW/m2.ºC 
X salinity, weight % 
 
Subscripts 
b brine 
bpe Boiling point elevation 
c condenser 
d distillate 
e evaporator 
f feedwater 
i effect number 
extra extra internal losses and losses to the surroundings 
loss energy losses 
n number of the last effect 
preheat losses preheating feedwater inside effects 
s saturated steam 
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sw seawater 
v vapor 
 
Abbreviations 
CSP Concentrated Solar Thermal Power 
MED Multi Effect Distillation 
MSF Multi Stage Flash  
PSA Plataforma Solar de Almeria 
RO Reverse Osmosis 
SFERA Solar Facilities for the European Research Area 
2. Description of the MED process 
The MED process uses a series of shell-and-tube heat exchangers connected in series (also commonly called 
evaporators, cells or effects), where the vapor formed in one effect powers the next effect [5]. In these effects the salt 
water flows on the shell side of the tube bundle, and the vapor formed in the previous evaporator is directed and condensed 
on the tube side of the tube bundle of the next effect.  
 
Depending on the configuration of the MED plant, the salt water flowing on the shell side of tube bundles: 
 
x Can be released in all effects at the same temperature and mass flows (parallel configuration) having being preheated 
only during one stage, when passing through the final condenser;  
x Can be preheated between effects as it is pumped into them. The feedwater can be released with this configuration at 
an equal rate in all effects (parallel configuration), or it can be totally directed to the first effect (forward feed 
configuration). If forward feed is the case, then the brine is transported across the plant due to the pressure difference 
between effects, and sprayed on top of the tube bundle of the next effect (with the aid of pumps if these pressure 
differences are not enough to overcome gravity and other pressure losses). The forward feed configuration means that 
the brine concentration increases downstream as the water flows from effect to effect. With a parallel configuration 
the brine concentration in all effects is practically the same. 
x A backwards configuration is also possible. In this case, the feed water enters the last effect and the brine flows from 
the coldest to the hottest effect. This configuration is not common, as the brine will reach its highest concentration 
inside the hottest effect, meaning that the risk of permanent deposition of calcium sulfates in the tube bundle is also 
higher in case the plant is not properly operated. 
 
Each effect in an MED plant operates at a pressure lower than its predecessor [5]. This is a critical condition for the 
operation of this type of machines, as it is necessary that the vapor created in each effect to be produced in saturated 
conditions or very near to that, in order to maximize the evaporation rate with the same amount of energy. 
 
The vapor formed in the last effect is also condensed using another shell-and-tube heat exchanger, but in this case the 
vapor flows on the shell side of the tube bundle, and the salt water flows on the tube side. The pressure gradient that exists 
between effects in the MED plant is maintained at the bottom by the down condenser, setting the pressure at which the last 
effect will operate. The more heat the condenser dissipates, the lower the vapor pressure will be inside the last effect. The 
lower the pressure in the last effect, the lower its operational temperature will be. This pressure/temperature drop will then 
cascade upstream, as this will also force the vapor formed in the previous effect (n-1) to condense at a higher rate, 
reducing also the pressure of the previous effect, and lowering its temperature (this condensation happens in the tube side 
of the tube bundle of the last effect, n). This phenomena replicates across the MED plant, until reaching the first effect 
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which is limited at the top by the temperature of the heat source powering the plant. The heat source is normally saturated 
steam, though the experimental plant at PSA used hot water. The shell side pressure achieved in the condenser is also 
dependent on the seawater temperature that acts as the cooling medium. The operational temperatures and pressure 
gradients in this type of plants is therefore dependent and delimited at the top by the temperature powering the first effect 
and at the bottom by the seawater temperature.  
 
The condenser (also called the down condenser) provides normally the first preheating of the feed water flowing into 
the plant to be feed to the effects. Some plants are designed to use all of the preheated water when leaving the condenser, 
others are only designed to use part of it. Normally the ones using all of the preheated water from the condenser, use 
thermal vapor compression to increase the MED plant efficiency and reduce the amount of vapor to be dealt by the down 
condenser (at the cost of using motive steam at higher pressures). This means that plants that do not use all of the 
preheated feedwater will have to dump large amounts of energy back to the sea and spend more energy pumping water per 
amount of distillate produced. On the other hand these plants also probably use motive steam at much lower pressures, 
requiring less energy to operate the first effect. 
3. Mathematical model 
Several mathematical models have been described in the literature to represent an MED model, as described in [6] and 
[7]. Some models are more detailed than others, obtaining more precise results, but at the cost of knowing beforehand 
much more specific information about the system, such as for example, the velocities of brine and vapor inside the 
evaporators or the size of the heat transfer areas. For a first analysis on an MED system these detailed variables are 
probably unknown, and because of that in this work it was given priority to a simpler model that could still describe 
effectively the MED process without compromising the results for its intended purpose. 
 
The model used in this work is a modification of the model described in [5] and assumes the following: 
 
x Constant specific heat, Cp, for the seawater at different temperatures and concentrations 
x Constant thermodynamic losses 
x Constant heat transfer area 
x The vapor flashing is not directly accounted inside the effects (non-equilibrium allowance) 
x Feed seawater enters all effects at saturation temperature (except in the first effect, and this energy loss is accounted) 
x Equal thermal loads between effects 
x Vapors are salt free 
x The difference between the condensation and evaporation temperatures are equal to the driving force for heat transfer in 
each effect 
x Saturated steam powering the first effect 
x Constant energy losses to the surroundings 
 
The convergence criterion for this model is based on the maximum difference in the heat transfer areas. The data generated 
by the model is limited to: 
 
x Brine and Distillate flow rates 
x Brine Concentration  
x Temperature profile 
x Heat Transfer area 
 
The main parameters, inputs and outputs necessary from the model are presented in table 1. 
 
Table 1 – Inputs, parameters and outputs from the mathematical MED model used. 
 
Parameters Inputs Outputs 
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n Ms Ac Qc 
Tn  Ts Ae Ti 
Tbpe loss  Tsw Bi Tvi 
Tf Xsw Di Uc 
Tol Qextra loss Msw Xn 
U ΔTpreheat loss (1st effect) Md  
Xb  PR  
 
Comparing the model used in this work to the simple MED model from [5] in which this work was based on, the main 
differences lie on: 1) the usage of the mass of distillate (Md) as an output and the mass of steam (Ms) as an input; 2) 
accounting the losses to the surroundings; and 3) accounting the energy losses with the feedwater preheating inside the 
first effect. The main equations considered to model the MED system in this work were: 
 
ܤ௡ ൌ  ௑೑௑೙ି௑೑ ൈ ܯௗ                    (1) 
 
ଵܳ ൌ ܳଶ ൌ ڮ ൌ ܳ௡ିଵ ൌ ܳ௡        (2) 
 
οܶ ൌ ο ௦ܶ െ ௡ܶ ൌ ο ଵܶ ൅ ο ଶܶ ൅ ڮ൅ο ௡ܶିଵ ൅ο ௡ܶ     (3) 
 
ο ଵܶ ൌ ο ೟்௎భൈσ భೆ೔೙೔సభ
         (4) 
 
ο ௜ܶ ൌ ο ଵܶ ൈ ௎భ௎೔          (5) 
 
௜ܶ ൌ ο ௜ܶିଵ െ ο ଵܶ ൈ ௎భ௎೔         (6) 
 
ܦ௜ ൌ ܦଵ ൈ ఒೡభఒೡ೔          (7) 
 
ܯௗ ൌ ܦଵ ൅ ܦଵ ൈ ఒೡభఒೡమ ൅ ڮ൅ ܦଵ ൈ
ఒೡభ
ఒೡ೙షభ
൅ ܦଵ ൈ ఒೡభఒೡ೙      (8) 
 
ܦଵ ൌ  ெ೏ଵାఒೡభ൬ భഊೡమାڮା
భ
ഊೡ೙షభ
ା భഊೡ೙൰
        (9) 
 
ܤଵ ൌ ܯ௙ െ ܦଵ         (10) 
 
ܤ௜ ൌ ܤ௜ିଵ െ ܦ௜         (11) 
 
௜ܺ ൌ  ௑೔షభൈ஻೔షభ஻೔          (12) 
 
ܣ௜ ൌ  ஽೔ൈఒ೔௎೔ൈ൫ο்೔ିο்್೛೐೗೚ೞೞ൯        (13) 
4. Validation 
4.1. MED plant at PSA 
The desalination plant at PSA is a forward feed MED system. It dates back from 1987, and was made by ENTROPIE 
[3]. It has 14 effects in vertical configuration. Originally its heat source was low pressure saturated steam, but in 2005 it 
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was remodeled and now uses hot water as heat transfer media from a two tank system with 24 m3 capacity that can be 
powered by several sources. The heat source used to validate the results from the model was a solar field with 252 CPC 
panels made by AO SOL, with a total surface of 500 m2 [3] that provided hot water to the tanks. 
4.2. Using the data from the MED plant at PSA 
To test the mathematical model described in this paper, the MED plant was operated within nominal steady-state 
conditions, during an experimental campaign in July 2012 at PSA. The values used for the analysis in this work are shown 
in table 2, and correspond to a 20 minutes average of operation for each variable. 
Table 2 – Design specifications of the MED plant at PSA 
 
 
Design values 
[3] 
Experimental values 
Average Value 
obtained after 20m 
in steady state 
operation 
Standard 
Deviation 
Number of effects 14 - - 
Feed seawater flow rate, m3/h 8 7.99 0.18% 
Brine flow rate from the last effect, m3/h 5 5.59 2.5% 
Hot water flow rate, L/s 12 11.941 0.26% 
Total distillate output, m3/h 3 2.39 5.84% 
Cooling seawater flow rate at 25ºC, m3/h 20 22.74 (at 27.2ºC) 0.26% 
Heat source energy consumption, kW 200 193 2.00% 
Performance ratio >9 8.01 6.1% 
Vacuum system Hydro-ejectors 
(seawater at 3 
bars) 
- - 
Inlet/outlet hot water temperature, ºC 74.0 / 70.0 75.1 / 71.3  0.12% / 
0.14% 
Brine temperature (on first cell), ºC 68 69.3 0.12% 
Feed and cooling seawater temperature 
at outlet of the condenser, ºC 
33 34.7 1.23% 
Heat transfer Areas used per effects, m2 (1st): 24.26 
(2nd -14th): 26.28  
Pre-heater: 5.0 
Condenser: 18.3 
- - 
 
Effects are numbered assuming that the first is the one receiving hot water from the tank’s system. The measured versus 
the calculated temperature profiles across the MED plant during 20 minutes of steady-state operation can be observed in 
figure 1.  
 
The temperature of the preheated feedwater measured in the first effect was in average 67.69ºC, with a standard 
deviation of 0.58%. The U values used in the model for the MED plant at PSA were obtained using equations from [3] and 
[8]. Their values ranged from 2.55 kW/m2.ºC in the second effect to 1.62 kW/m2.ºC in the last one. The tolerance used to 
reach equilibrium in the model was 10-4. 
 
Calculated temperatures from both the first and last effects show a good match with the real values. The individual 
averages for the values measured within the 20 minutes of operation taken into account had a standard deviation 
percentage bellow 1.17 %, with the exception of the distillate mass produced that presented a standard deviation of 5.84 %. 
Also the operational temperatures calculated for intermediate effects presented a noticeable deviation compared to the real 
ones, though it is very likely that the thermodynamic losses in the first effects were higher than the average value used as 
input to the mathematical model. These deviations between real versus calculated temperature values go from nearly zero 
at the extremes, up to a maximum of 8.9 % for the sixth effect in the middle. 
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No flow meters were available to measure mass flows between intermediate effects. In the intermediate effects only 
pressure could be measured and only in those effects corresponding to an even number in their counting from top to 
bottom. Saturated vapor pressure conditions were assumed during operation, and an average for the temperature readings 
was made between the adjacent effects to calculate the temperature inside the effects with no readings. As the MED plant 
at PSA is powered by hot water and not by saturated steam, the mathematical model had to be adjusted to account this. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – Real and calculated temperature profile inside effects (vapor temperature ºC) 
 
The original model from [5] also assumes that feedwater enters all effects in saturated conditions, which was not the 
case for the first effect in this plant. Preheated water enters the first effect at a temperature bellow saturated conditions, 
although it suffers preheating not only in the down condenser, but also as it crosses the preheaters of each effect on its way 
up.  
Both the mass flows and inlet/outlet temperatures of the fluids passing through the heat exchanger in the first effect 
could be measured. To assume a more realistic estimation of the heat load input accounting the original mathematical 
model from [5], extra energy losses were accounted, and subtracted from the overall heat input. These were: 1) the 
sensible heat actually transferred to the feedwater in the first effect to reach saturated conditions; and 2) an average of 
extra losses per effect in the MED plant (that in reality occur mainly in the first effects both internally and to the 
surroundings of the plant). These extra losses per effect will also be higher in the first effects as higher temperature 
differential exists in relation to the ambient air, and also internally higher pressure losses would occur in these first effects 
(in the demister, transmission lines, condensation inside horizontal tubes, and inefficiency on the preheaters). In reality the 
last effects will probably produce less distillate as they receive less energy than their predecessors.  
 
The thermal load transferred from the hot water into the plant was in average 193 kW. The heat lost in the first effect to 
make the feedwater reach saturation temperature was 19 kW (~10%). 174 kW remain to power the evaporation process. If 
this value is used as input to the mathematical model, the model will oversize both the heat transfer areas and mass flow 
rates output of the plant by ~50%. 
      The original mathematical model from [5] assumes perfect conditions, in which all the effects receive the same heat 
flow, but in reality extra losses occur apart from the average thermodynamic losses initially defined in the model (mainly 
the BPE). In order to obtain correct values for the heat transfer areas used and distillate mass produced, the original model 
from [5] requires the usage of 111.5 kW as heat input, instead of 193 kW. Using the heat transfer areas calculated by the 
model as reference, it was possible to estimate the losses that were not being accounted. The extra losses in the MED 
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process at PSA are assumed therefore to be 62.5 kW (174 - 111.5 kW), equivalent to an average loss per effect of 2.3 % of 
the bulk energy it would theoretically receive: 193 kW. 
 
Using as input to the model the energy that the MED plant effectively used in the evaporation process (111.5 kW), the 
calculated average value for the heat transfer areas was 27.64 m2 per effect, 5.7 % higher than the average for the real 
areas used in the plant. The distillate mass flow rate calculated was 2.31 m3/h, ~1 % lower than the experimental data (this 
variation is below the standard deviation percentage of the experimental data for this variable). 
5. Conclusions 
The mathematical model used in this work shown to be useful for a first analysis on the design and performance of an 
MED process. 
 
The model used in this work was adapted from a simple model from El-Dessouky and Ettouney [5], that has limitations 
regarding the simplifications it makes, especially: 1) the assumption that the feedwater will always reach the first effect in 
saturated conditions, 2) that no energy losses occur to the surroundings and 3) that all effects have equal thermal loads.  
In order to account these energy losses and keep the model simple, two extra percentages were set as inputs to the 
model when the running simulations. One percentage was set for the extra thermal losses to the surroundings and extra 
internal losses in the first effects; and a second percentage was set for the energy needed to heat the feedwater up to the 
saturation temperature inside the first effect (and subsequent effects if a parallel configuration is used, as several 
configurations for the feedwater preheating system can be used in similar MED plants). 
The model is dependent on the accuracy of the overall heat transfer coefficients, as MED plants are formed mostly by 
heat exchangers. Their value has a strong impact on the calculated heat transfer areas. In this particular case of the 
experimental MED plant at PSA, detailed formulas to calculate this variable were available, which enabled to maintain 
accuracy when analyzing this existing plant. For new plants, a reasonable estimation for these variables can be based on 
real data from similar existing plants during a first analysis with this model, and later on during design phase, the exact 
values can then be determined. 
 
The results obtained from the model matched well with the real values acquired from the experimental campaign with 
the MED plant working near design conditions at PSA during May 2012. The calculated results show a good correlation 
relations with the real values, namely, for the top and lower operating temperatures (less than 1% deviation in the first and 
last effects), mass flows of distillate produced (less than 1% deviation) and heat transfer areas (5.7% deviation). On the 
other hand the temperature profile of the intermediate effects shown to diverge more, reaching a deviation of 9% on effect 
number 6. Overall, the model suggests a good correlation between heat transfer areas required and mass flow rate of 
distillate produced.  
 
The model does not require a long iteration time to reach equilibrium and it is an interesting tool if used to test several 
different configurations for an MED plant. 
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